In this paper, we report on fabrication and optical properties of hollow poly(methyl methacrylate) (PMMA) microspheres loaded with CdSe/CdS core-shell quantum dots. The PMMA microspheres were fabricated using a spray-drying method and investigated using scanning electron microscopy, confocal microscopy, and fluorescent lifetime imaging microscopy. Micro-photoluminescence studies of individual microspheres were also performed revealing pronounced whispering gallery modes. This result demonstrates the high optical quality of the hollow microspheres and their potential application as optical microresonators. Keywords: microspheres, microcavities, whispering gallery modes, confocal microscopy, quantum dots.
INTRODUCTION
Because of their high quality factors and small mode volumes, circular dielectric microcavities such as microcylinders and microspheres supporting whispering-gallery modes (WGM) have been widely investigated for range of applications such as add-drop filters and ultralow-threshold microlasers, and also for cavity quantum electrodynamics studies [1] [2] . When a homogeneous microsphere doped or covered with shell of photoluminescent molecules or quantum dots is excited, emission oscillations in various WGM's can occur [3] [4] . Much less is known about optical properties of hollow microcavities mostly due to challenges in manufacturing microspheres with hollow cavities with sufficiently uniform refractive indexes for optical applications [5] . Herein, we report a new approach for the production of uniform hollow poly(methyl methacrylate) (PMMA) microspheres of high optical quality containing embedded CdSe/CdS quantum dots (QDs) that were incorporated using in situ processing.
In our method, a glass substrate is treated with an oxidizing solution of sulfuric acid and hydrogen peroxide ( piranha etch ), so as to remove any organic contaminants and promote the formation of hydroxyl groups on the glass surface, making the substrate hydrophilic. As a result, PMMA spheres can be formed by simple spraying of polymer solution over the pretreated glass substrate, followed by solvent evaporation, producing spherical polymer microcavities. The size and concentration of spheres on the surface can be controlled by adjusting the solution concentration and nozzle aperture. We characterized the new hollow microsphere composites by various instrumental techniques and demonstrated their potential as optical WGM microresonators.
EXPERIMENTAL DETAILS
In our approach hollow microspheres we fabricated using spray-drying process. In short, glass substrates were placed on a clean flat surface. A commercially available air gun (Theoben Evolution) was placed directly over the substrate at a fixed distance of 15 cm. (Fig. 1a) The air gun filled with pure polymer or with polymer/QDs solution was attached to a pressurized argon gas cylinder with a constant pressure of 20 psi. Spraying for all samples was done at constant pressure and distance. The spray time for each sample was 500 ms. Samples were allowed to dry in ambient conditions.
Figure 1. Diagram of experimental setup for formation of hollow microspheres (a) and SEM image of a formed microsphere (b).
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To prepare PMMA/QDs solution toluene/PMMA solution was sonicated in a sonic bath until it was clear and homogeneous. QDs in toluene were added dropwise to the polymer solution and further sonicated for an additional 30 min to ensure homogeneous mixing. The hydrophilicity of the glass slide determined the shape of the microsphere formed, as well as the area of contact between the final sphere and the substrate. When the treated surface was smooth, well-shaped spherical microstructures formed (Fig. 1b) . The formation of the hollow cavity of the microsphere is due to quick evaporation of the outer PMMA/toluene layer when on the substrate, owing to toluene's volatility at ambient conditions. Once the shell has formed, the remaining solvent can evaporate over time through the pores of the PMMA shell to leave a hollow center.
RESULTS AND DISCUSSION
The produced microspheres were characterized by a range of microscopy techniques. A focused ion beam (FIB) of Ga ions in combination with an ultra-SEM instrument was used to cut a microsphere and reveal the hollow cavity (Fig. 2) .
Figure 2. FIB lithography on a hollow microsphere to show the cavity. The sphere was imaged from above using a Ga ion beam (a) and then after milling at a 45° tilt (b).
Fluorescent lifetime imaging microscopy (FLIM) of the CdSe/CdS QDs in a polymer matrix and of doped PMMA spheres showed a slight decrease in the QDs PL lifetimes integrated with microcavity (Fig. 3) .
Figure 3. FLIM image of a microsphere (a) and PL decay curves measured from CdSe/CdS QDs embedded in PMMA film matrix an in PMMA sphere (b).
Micro-PL spectra of the spheres were measured using a Reinshaw micro-Raman setup with excitation by a 488-nm laser. Well-defined WGM resonant peaks were observed in multiple spray-dried particles (Fig. 4) . The specific structure of the WGMs varied from microsphere to microsphere. A typical spectrum from a spherical particle is shown in Fig. 4 .
The observed WGM peak structure is a result of coupling of electronic states in the QDs and photon states of the microsphere. The spectral placement and spacing between WGM peaks are determined by the size and refractive index of the microsphere, whereas the spectral intensity distribution depends on the parameters of the QDs. For investigated samples, both transverse electric (TE) and transverse magnetic (TM) modes were observable, demonstrating a random orientation of the nanoparticles in the PMMA matrix. The free spectral region in measured spectra was shown to correspond well to the SEM-measured diameter of the particles. Particles with slight deformation break the degeneracy of the WGMs in a perfect sphere and result in more complex, broader features (Fig. 4) [6] . These broad features are, in fact, collections of narrow high-Q modes with spacings below the spectral resolution of the spectrometer used [7] . A lower bound for the quality factor of the modes can be obtained by fitting the modes and extracting the full width at half-maximum. The fabricated microspheres showed a quality factor (Q-factor) of 5.4×10 3 limited by the spectrometer resolution, demonstrating that these microspheres are of high optical quality and could potentially be used as optical microresonators.
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We.P.24 From initial measurements on a variety of spheres, it was clear that the size and shape of the microspheres influence the WGM spectra to a degree that no two spectra are completely similar. However after the optimization of the spray-drying procedure, approximately 65% of all produced microspheres were of good optical quality and have showed well-defined WGMs.
CONCLUSIONS
In summary, hollow QD-loaded polymer microspheres have been prepared by a novel approach using a spraydrying technique. These spheres were formed by solvent evaporation on glass slides, leading to thin shelled microcavities that display WGMs at the emission band of the incorporated QDs. The Q factor for these spheres was calculated to be 5.4×10 3 , and a reduction in lifetime of the QDs was observed when incorporated into the PMMA microspheres. We believe that our approach can be further developed and optimized for the large-scale production of new hollow microsphere structures with a range of potential applications including microencapsulation, optical sensing, and photonics.
